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Using only photometric data, the absolute elements 
of RU Ursa Minoris, a close eclipsing binary star, have been 
determined. The calculation is based on a computer model of 
eclipsing binary systems and on the following assumptions: 

1) Relationship between stellar mass and 
distortion as determined by Chandrasekhar. 

2 )  Applicability of the Stefan and Planck 
laws to stellar radiation. 

3 ) '  Relationship between stellar mass and 
luminosity (the "mass-luminosity" law) 
for the primary star. 

Normally, the physical properties of eclipsing 
binary stars are obtained through the combined results of 
photometry and spectroscopy. However, the unique properties 
of this system, combined with the above assumptions, allow 
the analysis to be performed without spectroscopic observations. 

and temperature. The dwarf primary star has a temperature of 
about 7200OK and fills its Roche limiting surface. The star 
has expanded to its maximum permissable size. The secondary 
star has a temperature on the order of 4000OK and its radius 
is similarly nearly at its Roche lirhit. The surfaces of the 
stars are separated by less than one solar radius. 

Both stars are apparently oversize for their mass 
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SUBJECT: A Photometr ic  Study of  t h e  E c l i p s i n g  DATE: February 8 ,  1 9 7 1  
Binary S t a r  System RU Ursa Minoris 
Case 105-9 FROM: D. B. Wood 

INTRODUCTION 

TM: 71-1011-1 

TECHNICAL MEMORANDUM 

Most of ou r  informat ion  about  t h e  m a s s ,  r a d i u s  and 
luminos i ty  of  stars comes from a s p e c i a l  class of stars known 
as e c l i p s i n g  b ina ry  stars. These s ta r  systems c o n s i s t  of  t w o  
stars which o r b i t  each o t h e r  and, i n  p a r t i c u l a r ,  have an 
o r b i t a l  p l ane  which nea r ly  a l i g n s  w i t h  t h e  e a r t h .  Thus, as  
these stars revolve ,  each one i s  a l t e r n a t e l y  e c l i p s e d  by t h e  
other ,  as seen from t h e  e a r t h .  

For several y e a r s ,  I have been developing a computer 
model of such e c l i p s i n g  b ina ry  systems. The d e t a i l s  of t h i s  
model w i l l  be  r epor t ed  i n  a l a t e r  memorandum.* This  model has  
a number of a d j u s t a b l e  parameters ,  t o  account  f o r  t h e  va r ious  
photometr ic  p e r t u r b a t i o n s ,  such as t i d a l  d i s t o r t i o n  and re- 
f l e c t i o n ,  which occur  when t w o  s tars are very close t o g e t h e r  
( n e a r  su r face -con tac t )  . 

I n  o r d e r  t o  debug t h e  model, it has been subjected 
t o  a v a r i e t y  of t es t  condi t ions .  This  memorandum r e p o r t s  on 
s o m e  i n t e r e s t i n g  r e s u l t s  ob ta ined  by apply ing  t h i s  model, a long  
w i t h  some a d d i t i o n a l  c a l c u l a t i o n s ,  t o  o b s e r v a t i o n a l  d a t a  ob ta ined  
on a t r i p  t o  K i t t  Peak Na t iona l  Observatory.  

The e c l i p s i n g  system RU U r s a  Minoris w a s  observed 
du r ing  t h e  s p r i n g  of 1970 us ing  t h e  16-inch t e l e s c o p e  a t  
K i t t  Peak. P h o t o e l e c t r i c  obse rva t ions  w e r e  made w i t h  t h e  
Stromgren 4-color system**, and l i g h t  curves  w e r e  ob ta ined  i n  
b and y. Stromgren has def ined  s e v e r a l  s p e c i a l  color i n d i c e s  
us ing  t h e  &color f i l ters.  T h e  b-y index i s  a I 1 c o l o r I I ,  and 
i s  i n d i c a t i v e  of s te l la r  temperature .  
t u d e ,  cazpared wi th  b ,  t h e  " redder"  o r  cooler i s  t h e  s tar .  The 
i n d i c e s  ml and c1 are measures of s t e l l a r  metal c o n t e n t  and 
luminos i ty .  

The brTghter t he  y m a g n i -  

**This photometr ic  system c o n s i s t s  of f o u r  i n t e r f e r e n c e  
f i l t e r s ,  each wi th  a bandpass of approximately 200 ? i , o w i t h  
t h e  fo l lowing  e f f e c t i v e  wavelengths: y f i l t e r ,  5500 A; 
b f i l t e r ,  4700  1; v f i l t e r ,  4100  A; u f i l t e r ,  3450 A.  
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The p h o t o e l e c t r i c  obse rva t ions  o f  t h e  v a r i a b l e  s t a r  
RU U M i  w e r e  compared wi th  obse rva t ions  o f  s e v e r a l  comparison 
stars, which are assumed t o  be c o n s t a n t  i n  b r i g h t n e s s .  The use  
of more than  one comparison s t a r  h e l p s  t o  i n s u r e  t h a t  a t r u l y  
c o n s t a n t  s t a r  i s  a v a i l a b l e  f o r  comparison wi th  t h e  v a r i a b l e  
star.  The photometr ic  p r o p e r t i e s  of  t h e  comparison stars and 
of RU U M i  a t  maximum l i g h t  a r e  shown i n  Table I. The column 
headed "Sp" r e f e r s  t o  s p e c t r a l  type.  S ta rs  are c l a s s i f i e d ,  
based on t h e  appearance of  t h e i r  spectrum, by a l e t te r  des igna t ion .  
For  h i s t o r i c a l ,  r a t h e r  than  l o g i c a l ,  reasons  t h i s  sequence of  
l e t t e r  types  i s  0 ,  B ,  A, F, G ,  K ,  M. Type 0 stars are t h e  h o t t e s t  
(ove r  30,000°K) and type  M stars are t h e  coolest (less than  about  
3000OK). Each class i s  sub-divided i n t o  t e n  p a r t s ,  i n d i c a t e d  
by t h e  d i g i t s  0 through 9 .  I n  a d d i t i o n ,  where it can be d e t e r -  
mined, s p e c t r a  are f u r t h e r  c l a s s i f i e d  s u p e r g i a n t  through dwarf 
by t h e  a d d i t i o n  of t h e  Roman numerals I through V. These l a t t e r  
d e s i g n a t i o n s ,  c a l l e d  " luminos i ty  class",  were n o t  in tended  t o  
c h a r a c t e r i z e  p h y s i c a l  s i z e ,  b u t  r a t h e r  t h e  a b s o l u t e  (i. e. 
i n t r i n s i c )  luminosi ty .  F o r t u i t o u s l y ,  s u p e r g i a n t  stars are 
larger than  dwarf stars. 

By combining t h e  observed t i m e s  of primary (deeper )  
e c l i p s e  wi th  o l d e r  obse rva t ions  ( taken  from Reference 9 )  an 
up-to-date ephemeris f o r  t h e  v a r i a b l e  s t a r  i s  ob ta ined :  

J D  H e l .  Min = 2440708.6848 + .52492605 E.  

J D  Hel. Min. i s  t h e  J u l i a n  Date of minimum l i g h t  (as seen  from 
t h e  sun)  a t  cyc le  E from the observed J D  H e l .  Min. of  
2440708.6848. The pe r iod  of t h i s  e c l i p s i n g  s t a r  i s  .52492605 
days.  The (observed - computed) r e s i d u a l s  of  t h i s  emphemeris 
compared t o  a l l  known observed t i m e s  of minimum are shown i n  
T a b l e  11. 

Since  t h e  v a r i a b l e  s t a r  i s  q u i t e  f a i n t  f o r  4-color 
photometry u s i n g  a 16-inch t e l e s c o p e ,  t h e  observed d a t a  were 
smoothed by forming means of s e v e r a l  obse rva t ions .  These 
"normal po in t s " '  a r e  t a b u l a t e d  i n  Table  I11 and e x h i b i t e d  i n  
F igu res  1 and 2.  The o r d i n a t e  i s  phase,  t h a t  is t i m e  expressed  
i n  u n i t s  of p e r i o d ,  measured from primary e c l i p s e .  The RMS 
error o f  t h e  normal p o i n t s  i s  about  - +0.01 magnitude. 

The Stromgren i n d i c e s  f o r  RU U M i ,  f o r  s e v e r a l  random 
phases ,  are shown i n  Table I V .  I n s u f f i c i e n t  d a t a  i s  a v a i l a b l e  
t o  e s t a b l i s h  t h e  r e a l i t y  o f  t h e  apparent  v a r i a t i o n  i n  ml and cl. 
The v a r i a t i o n  i n  b-y i s  real ,  as confirmed by a n a l y s i s  o f  a l l  
t h e  d a t a  of Table 111. Primary e c l i p s e  (phase 0 )  i s  redder  than 
secondary e c l i p s e  (phase . 5 ) ,  hence t h e  secondary s t a r ,  which 
c o n t r i b u t e s  r e l a t i v e l y  more l i g h t  a t  primary e c l i p s e ,  i s  t h e  
c o o l e r  s ta r .  
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Analysis  

I n  t h e  ensuing a n a l y s i s ,  t h e  fo l lowing  parameters  
are used: 

a s e m i - m a j o r  a x i s  of t h e  primary (more luminous) 
s ta r  (assumed e l l i p s o i d a l )  

b semi-axis of t h i s  s t a r ,  i n  t h e  o r b i t a l  p l a n e ,  
pe rpend icu la r  t o  a 

C semi-axis of t h i s  s t a r  pe rpend icu la r  t o  t h e  
o r b i t a l  p lane  

a t h e  "unperturbed" r a d i u s  of  t h i s  s t a r ,  i . e . ,  
t h e  r a d i u s  o f  a sphere  of comparable volume 
t o  t h e  e l l i p s o i d  

0 

q t h e  mass r a t i o  (mass of  t h e  secondary s t a r  

I d e n t i c a l  q u a n t i t i e s  f o r  t h e  secondary s t a r  - 
no te  t h a t  q '  = l / q  

a '  '1 L s t e l l a r  luminos i ty  

d iv ided  by mass of t h e  primary s t a r )  

0 

(2' 

s o l a r  luminos i ty  

s o l a r  r a d i u s  R@ 

T e f f e c t i v e  s t e l l a r  temperature  

e f f e c t i v e  s o l a r  temperature  T@ 
m s t e l l a r  mass 

m s o l a r  mass 
0 
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A 

AO 

P 

M 

Me 
j 

U 

F 

semi-major a x i s  of  s te l lar  o r b i t  

semi-major a x i s  of e a r t h ' s  o r b i t  

p e r i o d  of s te l lar  o r b i t  

a b s o l u t e  s te l la r  magnitude 

a b s o l u t e  s o l a r  magnitude 

s u r f a c e  b r i g h t n e s s  r a t i o  o f  t h e  t w o  stars 
(seondary/primary) 

l i m b  darkening c o e f f i c i e n t ,  which measures 
t h e  ra te  t h a t  s u r f a c e  i n t e n s i t y  dec reases  t o  
t h e  limb of  a s t a r  

r a d i a n t  f l u x  

The l i g h t  curves  (F igures  1 and 2 )  were f i t  by t h e  
computer model, u s ing  a t r i a l - a n d - e r r o r  procedure.  The b l u e  
curve w a s  f i t  f i r s t ,  and then  t h e  yel low curve w a s  f i t ,  b u t  
cons t r a ined  t o  have t h e  same o r b i t a l  i n c l i n a t i o n  and axes 
as t h e  b l u e  s o l u t i o n .  The d e t a i l s  of t h e  f i n a l  f i t  are shown 
i n  F igu res  3 and 4 .  I n  t h e s e  f i g u r e s ,  the descending and 
ascending branches o f  t h e  l i g h t  curve i n  e c l i p s e  have been 
fo lded  ove r ,  which f o r c e s  a symmetric e c l i p s e  p r o f i l e .  
Secondary e c l i p s e  i s  d i sp layed  below primary e c l i p s e  f o r  
convenience. T h e  f i t  i s  n o t  n e c e s s a r i l y  unique, b u t  i s  
obvious ly  s a t i s f a c t o r y .  The model parameters  t h u s  ob ta ined  
f o r  t h e  t w o  stars are l i s t e d  i n  T a b l e  V. 

Gravi ty  b r igh ten ing  i s  a t e r m  a p p l i e d  t o  d e s c r i b e  
t h e  dependence of s t e l l a r  s u r f a c e  b r i g h t n e s s  upon t h e  local 
s u r f a c e  g r a v i t y .  The equa to r  of  an ob la te  s t a r  is  cooler, 
hence o f  lower s u r f a c e  b r i g h t n e s s ,  than  i s  t h e  p o l e ,  because 
s u r f a c e  g r a v i t y  i s  lower on t h e  equator .  The va lue  of t h e  
g r a v i t y  br ighte ,ning c o e f f i c i e n t  used i n  t h i s  model fit  i s  
c o n s t r a i n e d  t o  be c o n s i s t e n t  wi th  t h a t  t h e o r e t i c a l l y  calcu-  
l a t e d  from r a d i a t i v e  t r a n s f e r  (Reference 5 ) .  Some r e c e n t  
work, however, c o n t r a d i c t s  t h i s .  The dependence upon s u r f a c e  
g r a v i t y  may be  much s t r o n g e r  (Zeference 6 )  or may be much 
weaker (Reference 7 ) .  The e l l i p t i c i t y  of t h e  s tars ,  as 
determined by the model f i t  t o  t h e  l i g h t  curve ,  depends upon 
t h e  g r a v i t y  b r i g h t e n i n g  c o e f f i c i e n t .  An e l l i p s o i d a l  s ta r  
w i t h  s t r o n g  g r a v i t y  b r igh ten ing  i s  e f f e c t i v e l y  ( i n  t e r m s  of  
t h e  viewed photometr ic  e f f e c t )  more e l l i p t i c a l .  
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From t h e  work of Chandrasekhar (Reference 2 )  t h e  
axes of  an e l l i p s o i d a l  s ta r  are r e l a t a b l e  t o  t h e  mass ra t io:  

1 
A A 6 

a - a -  - 2 [1 + -(1+7q)A2(+) 

where A 2  i s  a parameter  related t o  t h e  degree of c e n t r a l  mass 
concen t r a t ion .  I t  can be taken h e r e  t o  be u n i t y .  W e  can w r i t e  
three i d e n t i c a l  equa t ions  for a ' / A ,  b'/A and c ' / A .  The f i t  t o  
t h e  l i g h t  curve e a s i l y  e s t a b l i s h e s  the e l l i p t i c i t y  and major 
a x i s  of t h e  b r i g h t e r  s ta r  and t h e  r a t i o ,  a ' /a ,  of t h e  major axes 
o f  t h e  t w o  stars; hence w e  have a / A ,  a ' / A  and b/A. S ince  q ' = l / q ,  
w e  are l e f t  wi th  s i x  equat ions  i n  t h e  s i x  unknowns b'/A, c /A ,  
c ' / A ,  ao/A,  aA/A and q. 

p rov ides  about  98% of t h e  system luminos i ty .  Thus i t s  e l l i p t i c i t y  
a l o n e  i s  r e spons ib l e  fo r  the  ou t -o f -ec l ip se  l i g h t  v a r i a t i o n ;  i n  
f a c t ,  i t s  e ' l l i p t i c i t y  i s  r e s p o n s i b l e  f o r  almost a l l  t h e  l i g h t  
v a r i a t i o n  i n  secondary e c l i p s e .  T h i s  " e c l i p s e " ,  due t o  viewing 
t h e  d i s t o r t e d  s t a r  end-on, i s  about  0 . 2  mag. deep. I f  t h e  secondary 
s t a r  w e r e  t o  be t o t a l l y  e c l i p s e d ,  t h e  l i g h t  would be reduced by 
on ly  about  0 . 0 2  mag. 

The l i g h t  curve s o l u t i o n  shows t h a t  t h e  primary s t a r  

"WE PRIMRRY STAR 
The s p e c t r a l  t ype  of RU U M i  has  been determined t o  

be A2 by one observer  (Reference 3 )  and F5 by ano the r  (Reference 8 ) .  
The photometr ic  i n d i c e s  i n  Table I i n d i c a t e  a s p e c t r a l  t ype  of 
A9-FO IV-V. W e  can assume the primary s t a r  t o  be  of s p e c t r a l  
type  FOV, w i t h  an e f f e c t i v e  s u r f a c e  temperature  of  7200°K, and 
c a l c u l a t e  t h e  m a s s ,  r a d i u s ,  and luminos i ty  us ing  t h e  three 
famil iar  r e l a t i o n s h i p s  : 
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log (e) = 3 . 3  l o g  (e) 

(From S t e f a n ' s  Law) (2) 

(From Kep le r ' s  Law) ( 3 )  

(Mass-luminosity Law) . (4) 

For o u r  c a l c u l a t i o n s ,  it i s  convenient  t o  rewrite t h e s e  equa t ions  
i n  logarithmic form. I n  Equation (2) w e  i n t r o d u c e  t h e  a b s o l u t e  
bo lomet r i c  magnitude , MB , (MBo = 4.72) and w r i t e *  

T a 
A 
0 5 log  - - A MB = 4.72 - 5 l o g  R - 

6 
( 5 )  

I n t r o d u c i n g  t h e  A.U. i n  u n i t s  of  R 

be expressed  i n  days,  Equation ( 3 )  becomes 
f o r  A. and a l lowing  P t o  

Q 

( 6 )  log m m + log ( l + q )  + 2 l o g  P = 3 log A - - 1.87 . 
0 R@ 

Equat ion ( 4 )  , which w a s  taken from Reference 1, is  convenient ly  
w r i t t e n  

From t h e  l i g h t  curve s o l u t i o n  w e  f i n d  q and ao/A. 

metric obse rva t ions  have a l s o  allowed de te rmina t ion  of  P and T. 
The e f f e c t i v e  temperature  of  t h e  sun ,  To, is  5800'K. 
Equat ions (5) , (6) and (7) are three equa t ions  i n  t h e  t h r e e  
unknowns MB, A/RCD, and m/mo. 
T which have been determined,  w e  f i n d  

The photo- 

Thus 

For t h e  va lues  of q ,  ao/A,  P and 

*The r e l a t i o n s h i p  between magnitude and luminos i ty  is  

M1 - M2 = -- 5 L1 
L2 

2 l o g  - 
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A/R@ = 3.7 - + .1 
m/m@ = 1.7 - + .2 

MB = 2.9 + . 3  - 

The axes of t h e  primary s t a r  are t h u s  

ao/RB = 1.7  - + .1 
a /R@ = 1 .8  - + .1 
b/Ro = 1 . 7  - + .1 
c /Rg = 1 . 6  - + .1 

The quoted probable  errors are based upon an estimated u n c e r t a i n t y  
i n  ao/A o f  + .01 and i n  q of + .l. 

mated t o  be less than + 2 O O 0 K ,  i s  n o t  s i g n i f i c a n t .  

THE SECONDARY STAR 

The u n c e r t a i n t y  i n  T ,  e s t i -  - - 
- 

A s  w a s  po in t ed  o u t  above, t h e  secondary s t a r  i s  ha rd ly  
d e t e c t a b l e  p h o t o e l e c t r i c a l l y ;  most of secondary e c l i p s e  i s  n o t  
due t o  the  l i g h t  loss of  t h e  e c l i p s e d  secondary star.  I n  b l u e  
l i g h t ,  t h e  secondary has a s u r f a c e  b r i g h t n e s s  of  about  0 . 0 2  
t h a t  of t h e  primary. I n  yel low,  t h e  f a c t o r  i s  up t o  about  0 .07 .  

I f  t h e  assumption i s  made t h a t  the r a d i a t i o n  o f  bo th  
the primary and secondary components may be approximated by t h e  
Planck func t ion  (over  the pass  bands of t h e  b and y f i l t e r s )  
t h e n  t h e  temperature  of t h e  secondary component can be es t imated .  
I n  Reference 1, t h e  b l ack  body f l u x  i n  u n i t s  o f  t h e  f l u x  a t  
maximum (FV/FVm)  i s  t a b u l a t e d  as a func t ion  of  AT, where 

( 8 )  -16T3 = 5.96 x 1 0  Fvm 

F igu re  5 shows a p l o t  of  t h i s  blackbody fui ic t ion F /F vs AT 

o v e r  t h e  range of  i n t e r e s t .  The o r d i n a t e ,  AT, is  expressed  i n  
cm-deg. The secondary s t a r  r a d i a t e s  j t i m e s  as much energy p e r  
u n i t  area as does t h e  pr imary,  so w e  may expres s  t h e  f l u x  of 
t h e  secondary,  Fv ( s )  , i n  t e r m s  of t h e  f l u x  o f  t h e  pr imary,  

v v m  

Fv (P) : 
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c 

[ F  ( P ) / F V m ( P ) ]  i s  t h e  va lue  f o r  t h e  primary s ta r .  
Equat ion (8), the r a t i o  [Fvm(P)/F ( s ) ]  is  j u s t  [ T ( P ) / T ( s ) ]  . 
The s u r f a c e  i n t e n s i t y  r a t i o ,  j, i s  given i n  T a b l e  V. Thus 
f o r  t h e  b l u e  ( A  = 4700  A)  obse rva t ions  and f o r  t h e  yel low 
( A  = 5 5 0 0  A)  obse rva t ions ,  independent estimates of  T ( s )  may 
be made by determining t h e  o r d i n a t e  where [ Fv ( s )  / F v m ( s )  3 , 
c a l c u l a t e d  from Equation (91, i n t e r s e c t s  t h e  blackbody curve 
of F igure  5 .  Curves c a l c u l a t e d  f o r  a v a r i e t y  of va lues  of  j 
f o r  each color are shown. In  T a b l e  V I  t h e  temperatures  are 
shown as c a l c u l a t e d  from t h e  va lue  o f  AT a t  t h e  i n t e r s e c t i o n s  
i n  F igure  5. The m o s t  c o n s i s t e n t  se t  i s  f o r  j = 0 . 0 5  and 

= 0.03 ,  i n d i c a t i n g  a temperature  of 3950OK. T h e  range of  j j b  
which i s  c o n s i s t e n t  wi th  t h e  l i g h t  curve s o l u t i o n  i n t r o d u c e s  a 
tempera ture  u n c e r t a i n t y  of about  +3OO0K. This  tempera ture  and 
u n c e r t a i n t y  would i n d i c a t e  a s p e c t r a l  type  of K3V t o  K7V. 

From 
3 V 

vm 

0 

0 

Y 

The r e s u l t i n g  r a t i o  o f  s u r f a c e  i n t e n s i t i e s ,  j / j  b Y’ 
can be used t o  c a l c u l a t e  t h e  A(b-y) color between t h e  t w o  
components : 

For j = . 0 3  and j = .05, w e  f i n d  A(b-y) = . 5 5 ;  t h u s  t h e  
color of t h e  secondary s t a r  is  (b-y) = 0 . 7 5 ,  which corresponds 
t o  a s p e c t r a l  type  of  K6-7V. This  is  c o n s i s t e n t  w i th  t h e  
K3-7V determine.d above. 

b Y 

The computer model used d e f i n e s  j a t  t h e  sub-ear th  
p o i n t  a t  quadra tu re ,  when t h e  t w o  stars are seen broads ide .  
R e f l e c t i o n  e f f e c t s  are confined p r i m a r i l y  t o  the s u b - s t e l l a r  
r e g i o n s ,  9 0 °  away. Hence t h i s  c a l c u l a t i o n  c f  t h e  temperature  
and s p e c t r a l  type of  t h e  secondary s ta r  r e p r e s e n t s  i t s  va lues  
a t  t h e  end of t h e  b-ax is ,  where t h e r e  i s  very l i t t l e  p e r t u r b a t i o n  
f r o m  r e f l e c t i o n .  However, i n  o r d e r  t o  o b t a i n  t h e  a b s o l u t e  magni- 
tude  d i f f e r e n c e  between the t w o  s tars,  w e  must be c a r e f u l  how 
w e  o b t a i n  t h e  t o t a l  i n t e g r a t e d  luminos i ty  from each s ta r .  T h e  
r e l a t i v e  luminos i ty  i n  Table V i n c l u d e s  r e f l e c t e d  l i g h t ,  so 
t h a t  p a r t  of  t h e  l i g h t  o f  t h e  secondary s t a r  is  l i g h t  of  t h e  
primary which i s  r e f l e c t e d .  



BELLCOMM, INC. - 9 -  

If w e  assume each star t o  be a sphe re  (of t he  unper- 
t u r b e d  r a d i u s ) ,  t hen  t h e  magnitude d i f f e r e n c e  between t h e  t w o  
stars can be expressed  by 

t 

Thus i n  yel low l i g h t ,  AM = 4.5 mag. 
however, s i n c e  w e  e s t a b l i s h e d  t h a t  A(b-y) = 0.75, t h i s  y i e l d s  
AM = 4.3 mag. A t  4000°K, t h e  bolometr ic  c o r r e c t i o n  i s  +0.6; 
so the  a b s o l u t e  bolometr ic  magnitude d i f f e r e n c e ,  AMB i s  approxi- 
mately 5.0 mag. Consequently, t h e  a b s o l u t e  bo lomet r i c  magnitude 
of  t he  secondary i s  7.9 mag., b u t  t h e  u n c e r t a i n t y  i s  on t h e  o r d e r  
of +.75 mag. 

I n  b l u e  l i g h t ,  A% = 5.1  mag; 
Y 

Y 

- 
DISCUSSION 

I n  Table V I 1  t h e  r e s u l t i n g  c a l c u l a t e d  a b s o l u t e  p r o p e r t i e s  
of t h e  primary and secondary stars are compared w i t h  s t a n d a r d  
va lues .  YY Geminorurn i s  a well-known e c l i p s i n g  system of s p e c t r a l  
type  M1. I n  gene ra l ,  t h e  c a l c u l a t e d  parameters  f o r  bo th  components 
o f  RU U M i  are c o n s i s t e n t .  However both  stars are o v e r s i z e  f o r  
t h e i r  mass. Table V I 1 1  compares t h e  axes o f  t h e s e  stars wi th  
t h e  dimensions of t h e  Roche l i m i t i n g  s u r f a c e  f o r  q = . 3  and q = . 4  
(Reference 5 ) .  I n  F igure  6 w e  see how t h i s  system would appear  
t o  a nearby observer .  This scale drawing shows t h a t  t h e  stars 
are s e p a r a t e d  by less than  one so la r  r a d i u s .  The o u t e r  dashed 
boundary i s  t h e  Roche l i m i t i n g  su r face .  The circles show the  
s i z e s  of normal stars of  t h e  same temperature  and mass. These 
stars are very n e a r l y  a t  t h e i r  Roche l i m i t s .  RU U M i  may be a 
" c o n t a c t "  system, s i m i l a r  t o  t h e  class of stars known by t h e i r  
p r o t o t y p e ,  W U r s a  Majoris. I f  t h i s  is  t r u e ,  t h i s  i s  a unique 
system, for  no W UMa type  systems possess  such cool, f a i n t  
secondary components. 

Because of t h e  r e c e n t  evidence o f  weaker g r a v i t y  
b r i g h t e n i n g  (References 4 and 7 ) ,  a model w a s  cons t ruc t ed  w i t h  
g r a v i t y  c o e f f i c i e n t s  of -1 .0  f o r  t h e  primary and -2 .0  f o r  t h e  
secondary (as opposed t o  t h e  va lues  l i s t e d  i n  Table V ) .  To 
o b t a i n  t h e  same photometr ic  d i s t o r t i o n  i n  t h e  l i g h t  curve ,  t h e  
primary s t a r  must be more d i s t o r t e d ;  t hus  the mass r a t i o  must 
be l a r g e r  [see Equations ( l)] .  I n  t h i s  case w e  f i n d  q = .6, 
A/Ro = 4 . 0 ,  m/mo = 2 . 2 ,  MB = 2 . 1 ,  and a /Ro  = 2 . 0 .  F o r  t h e  

secondary s t a r ,  m/mo = 1 . 3 ,  MB = 7 . 1 ,  a / R o  = 1.0. These va lues  
are n o t  c o n s i s t e n t  w i th  t h e  color data ,  so t h e  s t r o n g e r  g r a v i t y  
dependence f o r  g r a v i t y  b r igh ten ing  seems more reasonable .  
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Based on the photometr ic  d a t a ,  t h e  s p e c t r o s c o p i c  o r b i t  
should  show an ampl i tude ,  K ,  of 350 km/sec, and a m a s s  f u n c t i o n ,  
f (m)  , of approximately 0.09. m w 
10 11-DBW-ulg D. B. Wood 
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Table I 

Star 

RU U M i  

+70 753* 

+70 748" 

+70 749* 

Photometric Data on Comparison Stars 

SP 

FO 

G5 

F5 

-- 

b-Y 

.195 

.588 

.291 

.422 

10.03 

8.58 

ml 

.136 

.350 

.168 

-- 
8.25 

10.13 

c1 

.712 

.444 

.388 

t 

*Bonner Durchmusterung c a t a l o g  des igna t ion .  

ca t a log .  
RU U M i  i s  +70 751 i n  t h i s  



c 

JD Hel. 

242 6456.397 

6509.449 

6744.607 
7133.563 
8248.505 
8310.454 
8690.492 
8751.407 
9014.387 
9341.422 
9373.419 

243 6611.631 
6612.675 
6630.565 
6661.497 
6662.554 

244 0707.6352 
0708.6853 
0710.7841 
0711.8340 

Table I1 

Times of Minimum of RU UMi 

Epoch 

-27151 

-27050 

-26602 
-25861 
-23737 
-23619 
-22895 
-22779 
-22278 
-21655 
-21594 

- 7805 
- 7803 
- 7769 
- 7710 
- 7708 

2 
0 
4 
6 

- 

0-c 

-. 021 
+.014 
+. 005 
-. 009 
-. 010 
-. 002 
-. 011 
+.013 
+. 005 
+. 011 
-.013 

-. 006 
-. 012 
+. 031 
-.008 
-.001 

+.0002 
+. 0005 
-.0004 
-. 0004 

Source 

Strohmeier and 
Knigge 

II 

It 

11 

11 

11 

11 

II  

II  

II 

It  

I1 

11 

I1 

II  

It  

Wood 
II 

II 

II 



T a b l e  I11 

RU UMi Y e l l o w  Observat ions 

5 

Phase 
.0021 
.0044 
.0078 
n i  1 2  

.0128 

.0172 

.0216 

.0262 

.0278 

.0315 

.0362 

.0382 

.0423 

.0446 

.0471 

.0522 

.0572 

.0604 

.0636 

.0668 

.0708 

.0763 

.O 843 

.0962 

.lo03 

.lo40 

.lo99 

.1151 

.1346 

.1442 

.1543 

.1662 

.1754 

.1856 

.2034 

.3502 

.3582 

.3656 

.3736 

.3776 

.3865 

.3997 

.4083 

.4188 

. “ * I 4  

AY 
2.127 
2.093 
2.090 
2.127 
2.125 
2.124 
2.093 
2.097 
2.031 
2.032 
1.975 
1.990 
1.966 
1.942 
1.917 
1.859 
1.827 
1.854 
1.830 
1.796 
1.732 
1.712 
1.684 
1.619 
1.610 
1.602 
1.583 
1.626 
1.519 
1.516 
1.509 
1.493 
1.475 
1.483 
1.469 
1.507 
1.480 
1.512 
1.548 
1.533 
1.537 
1.549 
1.578 
1.584 

n 
3 
4 
2 
3 
3 
2 
5 
2 
2 
3 
5 
2 
3 
3 
4 
3 
3 
2 
2 
3 
1 
1 
2 
4 
2 
2 
3 
5 
1 
2 
2 
3 
3 
3 
3 
2 
2 
3 
3 
3 
3 
3 
3 
3 

Phase 
.4276 
.4380 
.4485 
.4624 
.4720 
.4796 
.4856 
.4906 
.4984 
.5082 
.5172 
.5248 
.5549 
.5652 
.5794 
.5864 
.5960 
.6058 
.6300 
.6362 
.6434 
.6488 
.6766 
.6814 
.6902 
.6960 
.7257 
.7361 
.7475 
.7558 
.7592 
.7674 
.7904 
.8002 
.8060 
.8139 
.8251 
.9100 
.9230 
.9328 
.9404 
.9478 
.5 52i 

AY n 
1.606 4 
1.622 3 
1.644 2 

1.663 3 
1.643 3 
1.656 2 
1.666 2 
1.662 2 
1.643 3 
1.662 2 
1.653 4 
1.653 3 
1.610 3 
1.578 2 
1.608 2 
1.583 3 
1.579 2 
1.554 2 
1.523 2 
1.530 2 
1.531 3 
1.532 2 
1.474 2 
1.508 3 
1.486 2 
1.448 3 
1.455 2 
1.470 2 
1.472 2 
1.448 2 
1.439 5 
1.498 2 
1.475 2 
1.454 2 
1.498 2 
1.454 2 
1.664 2 
1.726 2 
1.762 2 
1.814 3 
1.891 3 

1.656 2 

1.945 3 

Phase 
.9564 
.9605 
-9666 

‘ .9738 
,9764 
.9802 
.9840 
.9891 
.9923 
.9959 
.9991 

‘-9702 

AY n 
1.930 3 
1.956 4 
1.985 3 
2.002 3 
2.048 2 
2.070 3 
2.076 2 
2.090 3 
2.103 3 
2.087 3 
2.108 2 
2.097 3 



P h a s e  

.0027 

.0049 

.0078  

.0119 
,0136  
.0189 
. 0 2 3 1  
. 0 2 8 1  
.0319 
.0365  
.0390 
.0439 
.0473  
.0529 
.0577  
.0600 
.0636 
.0687 
.0798  
.0916 
, 09 72 
. l o 3 0  
.1107  
.1145  
.1180 
.1355  
.1452 
.1556 
.1666 
.1770 
.1878  
.2036 
. 3 5 1 1  
. 3 5 9 1  
.3663  
. 3 7 2 8  
, 3 8 7 2  
. 4 0 0 5  
, 4090 
.4192 
.4258  
.4308  
, 4384 
.4496  

c 

Ab 

1 , 7 1 0  
1 .706  
1 . 7 1 5  
1 .700  
1 . 7 0 1  
1 .719  
1 . 6 8 4  
1 .656  
1 . 5 9 3  
1 . 5 5 4  
1 .572  
1.538 
1 .509  
1 . 4 7 1  
1 .436  
1 .426  
1 .393  
1 .370  
1 .296  
1 .230  
1 . 2 0 2  
1 . 1 9 5  
1 .172  
1 . 1 8 2  
1 . 1 7 7  
1 . 1 3 7  
1 . 1 0 8  
1 . 0 8 8  
1 .084  
1 .046  
1 . 0 6 2  
1 .056  
1 .082  
1 .120  
1 . 1 1 5  
1 , 1 2 4  
1 . 1 3 4  
1 . 1 4 6  
1 . 1 6 7  
1.185 
1 .190  
1 . 2 0 4  
1 . 2 0 8  
1 . 2 0 1  

T a b l e  I11 - Continued 

RU U M i  Blue  Observations 

n 

3 
3 
3 
3 
3 
3 
4 
4 
3 
5 
2 
3 
5 
3 
2 
2 
3 
4 
2 
2 
3 
4 
3 
3 
2 
1 
2 
2 
2 
2 
2 
2 
2 
2 
3 
1 
2 
3 
3 
2 
2 
2 
3 
2 

P h a s e  

.4636 

.4729 

.4805 

.4865 

.4918 

.5012 

.5115 

.5184 

.5242 

.5306 

.5558 

.5663 

.5802 

.5870 

.5948 

.6046 

.6306 

.6370 

.6428 

.6495 

.6775 

.6822 

.6900 

.6971  

.7264 

.7372 

.7493  

.7566 

.7598 

.7655 

.7716 

.7914 

.8009 

.8068 

.8146 
,8258  
.9112 
.9217 
.9261  
.9334 
.9412 
.9484 
9516 

.9570 

Ab 

1 .217  
1 .234  
1 .230  
1 , 2 3 3  
1 .242  
1 .226  
1 .212  
1 .234  
1 .219  
1 , 2 3 7  
1 .222  
1 .219  
1 .176  
1 . 1 5 8  
1 . 1 6 1  
1 . 1 5 2  
1 . 1 2 5  
1 .137  
1.110 
1 . 1 2 1  
1 .096  
1 .076  
1 .097  
1 .090  
1 . 0 4 1  
1.090 
1 .062  
1 . 0 5 8  
1 .037  
1 .046  
1 .049  
1 .089  
1 .056  
1 .064  
1 .096  
1 .031  
1.250 
1 .286  
1 .352  
1.370 
1 .398  
1 . 4 5 7  
1.476 
1.500 

n 

2 
3 
3 
2 
2 
3 
2 
2 
3 
1 
2 
2 
2 
2 
2 
3 
2 
2 
2 
3 
2 
2 
2 
2 
3 
2 
2 
2 
2 
1 
2 
2 
2 
2 
2 
2 
2 
1 
1 
2 
3 
3 
2 
2 

P h a s e  

- 9 5 8 5  
.9620 
.9664 
.9700 
.9730 
.9763 
.9788 
.9830 
. 9 8 5 1  
.9899 
.9930 
.9968 
.9999 

Ab 

1 . 5 3 6  
1 . 5 7 4  
1 . 5 7 3  
1 . 5 8 3  
1 . 6 5 7  
1 . 6 5 8  
1 . 6 8 8  
1 . 6 7 8  
1 . 6 8 7  
1 . 7 0 5  
1 . 6 9 3  
1.*710 
1 .720  

n 

2 
3 
2 
3 
2 
3 
2 
2 
2 

3 
2 
3 

3 /  



. Table IV 

StrGmgren Indices as a 

Phase 

.025 

.205 

.445 

.505 

9 555 

.570 

.730 

.945 

b-Y 

.193 

.184 

186 

.180 

.174 

.175 

.183 

198 

Function of Phase 

ml 

.22 

.16 

.20 

.22 

.22 

.16 

.ll 

.16 

c1 

.60 

.72 

.70 

.72 

.71 

.72 

.70 

.70 



T a b l e  V 

t 

i n c l i n a t i o n  83'10 

mass r a t i o ,  q .35 

w 45 

.480 

.457 . 429 

unperturbed 
s p h e r e  r a d i u s  

semi-axes 
a o / A  

a / A  
b/A 
c / A  

.25 

.271 

.252 

.244 

secondary fi 
l i m b  
darkening,  u 
g r a v i t y  + 

b r i g h t e n i n g  

89 .9* 

-4.5 -6.5* 
r e f l e c t i o n  
a lbedo  .5 

I b l u e  l i g h t  curve  I 

luminos i ty ,  L .971 I .029 

I 1.0* 
l i m b  
darkening,  u .89 
g r a v i t y  
b r igh ten ing  
r e f l e c t i o n  
a lbedo  . 3 3  

-4.6 t -7.5* 

s u r f a c e  i n t e n s i t y  

8 33 
.012 

r e l a t ive  lum., 
L ( s  I /L (P  1 .012 

*Assumed va lues ,  a p p r o p r i a t e  t Equivalent  t o  -b as de f ined  by Kopal 
for  very  coo l  s ta r  



Table VI 

Temperature Estimates for RU UMi Secondary 

T ( O K )  

39 40 

4060 

4160 

42 70 

Blue ( A  = 4 7 0 0 i )  

.01 3570 

.02  

.03 

3770 

3960 

I 



T a b l e  VI1 

K5V 

6.8 
4000 

.69 

.74 

Comparison of t h e  Absolute E l e m e n t s  of 

t h e  Components of RU U M i  w i th  S tandard  S t a r s  

YY Gen 

7.7 
3600 

.64 

.62 

Abs B o 1  Mag 

Te (KO) 

Mass (0) 
Radius (0) 

RU U M i  A 

2.9 f . 3  

7200 k 200 

1.7 _+ .2 
1.7 k .1 

FOV 

2.7 
7200 

1.78 
1.35 

RU U M i  B 

7.9 f . 8  

4000 2 300 

.6 k .1 

.9 f .1 

. 



- .. 

T a b l e  VI11 

C o m p a r i s o n  of the Axes of t h e  C o m p o n e n t s  

of RU UMi w i t h  the R o c h e  Model 

a 

b 

0 

C 

b' 

C '  

I R o c h e  Model 

q = .4 

.46 

.46 

.43 

.30 

.29 

.28 

. 
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.5 ~ .6 

PHASE 

.7 

1.4 

1.5 A Mag 

1.6 . 

FIGURE 3 - FIT TO MODEL SOLUTION TO REFLECTED YELLOW NORMAL POINTS. 
THE OPEN CIRCLES ARE REFLECTED ABOUT MID-ECLIPSE 
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A Magi 

1.1 

1.2 

1.3 
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1 .i 
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t 
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BLUE 

FIGURE 4 - FIT OF MODEL SOLUTION TO REFLECTED BLUE NORMAL POINTS 
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